Human dental pulp stem cells (hDPSCs) reside in postnatal dental pulp and exhibit the potential to differentiate into odontoblasts as well as neurons. However, the intercellular signaling niches necessary for hDPSC survival and self-renewal remain largely unknown. The objective of this study is to demonstrate the existence of intercellular purinergic signaling in hDPSCs and to assess the impact of purinergic signaling on hDPSC survival and proliferation. hDPSCs were isolated from extracted third molars and cultured in minimum essential medium. To demonstrate responsiveness to ATP application and inhibitions by purinergic receptor antagonists, whole cell patchclamp recordings of ATP-induced currents were recorded from cultured hDPSCs. Immunofluorescence and enzymatic histochemistry staining were performed to assess purinergic receptor expression and ectonucleotidase activity in hDPSCs, respectively. To determine the effects of purinergic signaling on hDPSC, purinergic receptor antagonists and an ectonucleotidase inhibitor were applied in culture medium, and hDPSC survival and proliferation were assessed with DAPI staining and Ki67 immunofluorescence staining, respectively. We demonstrated that ATP application induced inward currents in hDPSCs. P2X and P2Y receptors are involved in the generation of ATP-induced inward currents. We also detected expression of NTPDase3 and ectonucleotidase activity in hDPSCs. We further demonstrated that purinergic receptors were tonically activated in hDPSCs and that inhibition of ectonucleotidase activity enhanced ATP-induced inward currents. Furthermore, we found that blocking P2Y and P2X receptors reduced-and inhibition of ecto-ATPase activity enhanced-the survival and proliferation of hDPSCs, while blocking P2X receptors alone affected only hDPSC proliferation. Autocrine/paracrine purinergic signaling is essential for hDPSC survival and proliferation. These results reveal potential targets to manipulate hDPSCs to promote tooth/dental pulp repair and regeneration.
Introduction
Embryonic neural crest cells migrate into orofacial branchial arches, proliferate and differentiate into postmitotic odontoblasts, and then integrate with adjacent epithelial cells to form the tooth germ (Lumsden 1988) . During tooth development, odontoblasts laminate the outermost layer of dental papilla opposing the enamel-forming epithelial layers. Odontoblasts secrete dentin matrix around their apical processes as they gradually retreat toward the center of dental pulp. The dentin matrix is then mineralized to form dentin, which comprises the predominant hard component of teeth (Schmalz and Smith 2014) . Odontoblasts continue to form the secondary dentin after tooth eruption. In response to tooth injury or treatment-such as caries, dental pulp near exposure, or direct pulpal capping-newly generated odontoblasts, also called odontoblast-like cells, generate reparative dentin in dental pulp (Schmalz and Smith 2014) . In addition, as bacteria approach the dental pulp, odontoblasts act as immune cells to counteract and modulate the impact of inflammation and infection (Farges et al. 2009 ). Stem cells isolated from human postnatal dental pulp differentiate into odontoblasts and neurons (Ellis et al. 2014; Peng et al. 2016 ), thus highlighting the potential for using human dental pulp stem cells (hDPSCs) to promote hard tissue/dental pulp and nervous tissue repair and regeneration. However, the exact intercellular signaling mechanisms responsible for hDPSC survival, proliferation, and differentiation within the dental pulp remain enigmatic.
Purinergic signaling is among the most evolutionarily conserved intercellular communication mechanisms utilized across a range of cells and tissues (Burnstock and Verkhratsky 2009 ). Purinergic signaling is dictated by ATP release, purinergic receptor activation, and extracellular nucleotide hydrolysis. ATP and its metabolites are natural ligands to purinergic receptors. Activation of purinergic receptors regulates a variety of crucial biological processes, including cellular migration, proliferation, and differentiation (Burnstock 2013) . Accumulated evidence indicates that purinergic signaling machinery within stem cell niches controls stem cell survival, proliferation, and differentiation (Liu et al. 2008; Liu, Sun, et al. 2012; Suyama et al. 2012; Messemer et al. 2013; Gampe, Stefani, et al. 2015; Kaebisch et al. 2015) . For example, ATP via activation of purinergic P2X and/or P2Y receptors stimulates neuronal stem cell migration and neuronal progenitor proliferation while negatively regulating terminal neuronal differentiation (Lin et al. 2007; Grimm et al. 2010; Suyama et al. 2012) .
Since odontoblasts are derived from embryonic neural crest cells, hDPSCs are likely the retained neural crest stem cells or progenitors within the dental pulp. Indeed, hDPSCs express neural stem cell/progenitor markers, exhibit neurogenic potentials, and can differentiate into dopaminergic neurons (Ellis et al. 2014; Majumdar et al. 2016) . Interestingly, multiple purinergic receptors, including P2X3, P2X4, P2X5, P2X6, P2X7, and all P2Y receptors, are detected in cultured hDPSCs (Peng et al. 2016; Wang et al. 2016) . Moreover, activation of these purinergic receptors affects cell migration and differentiation. Furthermore, ATP-permeable mechanical-, chemical-, and thermal-sensitive ion channels (e.g., connexin, pannexin, and TRPA1/4 channels) are found in cultured hDPSCs and postnatal dental pulp odontoblasts, while activation of these channels induces ATP release (Liu, Yu, et al. 2012; Egbuniwe et al. 2014; Shibukawa et al. 2014; Liu et al. 2015) . In addition, ectonucleotidases responsible for extracellular ATP degradation are detected within the dental pulp odontoblast layer (Liu, Yu, et al. 2012 ). These observations suggest that purinergic signaling within the dental pulp may control hDPSC survival, proliferation, and/or differentiation. Here, we demonstrate the presence of functional P2X/P2Y receptors and ectonucleotidase in hDPSCs and explore the potential role of purinergic signaling in hDPSC survival and proliferation.
Methods and Materials

Isolation and Culture of hDPSCs
All experiments were approved by the research ethics committee at the University of Rochester Medical Center. Immortalized hDPSCs were isolated from extracted third molars as previously described (Gronthos et al. 2011; Egbuniwe et al. 2013 ). The hDPSCs were cultured and passaged in minimum essential medium (Gibco) with 10% fetal bovine serum (Hyclone), 2-mmol/L L-glutamine (Sigma-Aldrich), and 1% penicillin/ streptomycin (Gibco-BRL) at 37 °C in a 5% CO 2 incubator. hDPSCs were routinely plated for experiments at 10 6 /mL (2 mL/35-mm dish, 1 mL/well in 12-well plates, or 100 µL/ well in 96-well plates) and allowed to grow for 3 to 7 d before experimentation. Dental pulp stem cell phenotype was confirmed by expression of CD44, Stro-1, and Tuji-1. For immunofluorescence and enzymatic histochemistry study, hDPSCs were cultured in cell culture chamber slides.
Electrophysiologic Recordings
Whole cell voltage-clamp recordings of cultured hDPSCs (3 to 6 d in culture) were performed (22 to 25 °C) with an Axopatch 200B (Axon Instruments) patch-clamp amplifier. The composition of the extracellular solution was as follows (mM): 156 NaCl, 2 KCl, 2 CaCl 2 , 1 MgCl 2 , 15 glucose, and 10 HEPES (pH 7.3). ATP and/or purinergic receptor antagonists were applied with a multibarreled perfusion system that permits rapid application of drugs. Patch electrodes were fabricated from borosilicate capillary tubes of 1.0-mm diameter with a pipette puller (Sutter Instrument). The electrode resistance ranged from 6 to 8 MΩ when filled with the pipette internal solution, which contained the following (mM): 140 KCl, 4 MgCl 2 , 0.25 CaCl 2 , 5 EGTA, 10 HEPES, 4 K 2 ATP, and 0.4 Na 2 GTP (pH 7.4). Only recordings of cells with a membrane potential in current-clamp mode more negative than −40 mV and with access resistance <20 MΩ were used. Currents were filtered at 1.3 kHz (4-pole Bessel filter) and digitized at 5 to 10 kHz with a Digidata 1332A data acquisition system (Axon Instruments). Data were acquired with pCLAMP10.0 software (Molecular Devices) and analyzed offline with Clampfit 9.2 (Molecular Devices). ATP-induced currents (I ATP ) were recorded at a holding potential (V h ) of −60 mV. The liquid junction potential (−4 mV) was compensated for the voltage values in this study. Current amplitudes induced by 2 to 3 consecutive applications of ATP were averaged. Averaged percentage change in current amplitude after addition of purinergic receptor antagonist was used to quantify blocking effects.
Immunocytochemical Fluorescence Staining
Antibody against Tuj-1, Stro-1, CD44, P2X3, P2X7, P2Y2, Ki67, NTPDase2, or NTPDase3 was used in this study. For more detail, see the Appendix.
Enzymatic Cytochemical Staining
To demonstrate functional ecto-ATPase activity in hDPSCs, the enzymatic cytochemical staining was used. For more detail, see the Appendix.
hDPSC Survival and Proliferation Assay
To test the effect of purinergic signaling on hDPSC proliferation, iso-PPADS tetrasodium salt (100 μM, P2X receptor antagonist; Tocris), suramin sodium salt (100 μM, P2 receptor antagonist; Sigma-Aldrich), or ARL 67156 trisodium salt hydrate (100 µM, ATPase inhibitor; Tocris) was added to 6-well plates with 1 mL of minimum essential medium containing 3 × 10 6 hDPSCs and then incubated for 1, 2, or 3 d, respectively. Cell density was identified by DAPI staining (1:1,000), and proliferation was determined by Ki67 immunofluorescence. Specifically, under inverted fluorescence microscopy, 4 randomly selected DAPI-stained images were captured for each slide. Average cell count per slide was obtained by counting the number of DAPI-positive cells/mm 2 in each quadrant. Ki67 positively stained cells were identified as proliferative cells. For statistical analysis, at least 4 slides at each time point were used for each experimental group.
Statistical Analyses
The data are presented as mean ± SD. For cell culture experiment, 1-way analysis of variance (ANOVA) and least significant difference (LSD) post hoc tests were performed. Throughout this study, P < 0.05 was considered statistically significant.
Results
ATP Induces Inward Currents in hDPSCs
hDPSCs exhibit odontoblast-like stem cell phenotypes (Gronthos et al. 2011; Egbuniwe et al. 2013) . To demonstrate the hDPSCs used in this study display similar odontoblast-like stem cell properties, immunofluorescence staining for stem cell markers Stro-1, CD44, and Tuj-1 were performed. As shown in Figure 1A and B, Stro-1 and CD44 were detected in hDPSCs. Expression of Tuj-1 in hDPSCs was also confirmed (Appendix Fig. 1 ). To demonstrate the presence of functional purinergic receptors in hDPSCs, we used whole cell patch-clamp recordings to detect currents evoked by ATP application. As shown in Figure 1C , focal application of ATP (10 μM) induced inward currents in hDPSCs. To support that the ATPinduced inward current reflected activation of a nonselective cation channel (e.g., P2X receptors), the reversal potential of the ATP-induced current was determined with a voltage ramp from −120 to 80 mV. As expected, the ATP-induced current reversed at −1.67 ± 1.86 mV (n = 3), which was near the cationic equilibrium potential (−1.30 mV) of our intra-and extracellular recording solutions. ATP-induced inward currents in hDPSCs were detectable at nanomolar concentration levels of ATP. As shown in Figure 2 , 100nM ATP induced a small but reproducible inward current; the inward currents became progressively larger at higher concentrations of ATP and reached a maximum at 100 μM. The calculated EC 50 for ATP-induced inward currents in hDPSCs was 12.6 μM (n = 4 or 6 at each tested concentration). P2X receptors exhibit functional desensitization at higher concentrations of ATP (Giniatullin and Nistri 2013) . We found significant desensitization in hDPSCs during sustained applications of ATP at concentrations ≥3 μM. 
Detection of Functional Ionotropic P2X Receptors in hDPSCs
Previous studies had shown mRNA expression for P2X receptors in cultured hDPSCs (Wang et al. 2011; Peng et al. 2016) . In this study, immunofluorescence staining was used to determine if hDPSCs express P2X nonselective cation channels. As showed Figure 3A and B, P2X3 and P2X7 receptors were detected in cultured hDPSCs. To demonstrate that ATP-induced inward currents in hDPSCs were mediated via inotropic P2X receptors, we evaluated the effect of a P2X receptor antagonist. We found that application of P2X receptor antagonist (iso-PPADS tetrasodium salt, The reversal potential of the ATP-induced inward current is calculated by subtracting D1 from D2. The ATPinduced inward current reversed at −3.0 mV, which is near the cation equilibrium potential (−1.3 mV) with the recording solutions used in these experiments. hDPSC, human dental pulp stem cell. 100 μM; Tocris) abolished ATP-induced inward currents in most hDPSCs recorded (Fig. 3C1) . Importantly, ATP-induced inward currents were observed in the same cells following washout of the P2X receptor antagonist (Fig. 3C2, C3 ). The mean percentage changes after blocking P2X receptors and washout were 18.5% ± 23.5% (n = 6) and 92.8% ± 62.1% (n = 6), respectively. Interestingly, we also noted that in some hDPSCs, 100μM iso-PPADS did not completely abolish ATPinduced currents (see Fig. 4 ). These results suggest that there exist non-P2X receptor mechanisms contributing to ATPinduced inward currents in some hDPSCs.
Metabotropic P2Y Receptors Contribute to ATP-Induced Currents in hDPSCs
Previous studies reported that P2Y receptor mRNAs are also detected in hDPSCs (Peng et al. 2016 ). Therefore, we tested if P2Y receptors contribute to ATP-induced inward currents in hDPSCs. In hDPSCs that still exhibited ATP-induced currents in the presence of P2X receptor antagonist (Fig. 4A1) , coapplication of a nonspecific P2X/P2Y receptor inhibitor (suramin, 100 µM) totally abolished ATP-induced inward currents (Fig. 4A2) . As expected, blocking P2X and P2Y receptors with suramin alone completely abolished ATP-induced inward currents in hDPSCs (Fig. 4B1, B2 ). After washout, partial restoration of ATP-induced currents was observed (Fig. 4B3) . These results suggest that P2Y receptors work synergistically with P2X receptors to promote ATP-induced inward currents in some hDPSCs. The mean percentage changes after blocking P2X/P2Y receptors and washout were 9.9% ± 7.1% (n = 4) and 83.4% ± 16.6% (n = 4), respectively. To confirm the expression of P2Y receptors in hDPSCs, immunofluorescence staining for P2Y receptors was performed (Fig. 4C) . As expected, P2Y2 and P2Y6 receptors were detected in hDPSCs (Fig. 4C1, C2 ). These results indicate that P2X and P2Y receptors are expressed in hDPSCs and participate in ATP-induced inward currents.
Ectonucleotidases Affect ATP-Induced Currents in hDPSCs
Purinergic signaling is affected by the presence of ecto-NTPDases, the major enzymes responsible for extracellular ATP degradation. Our previous studies demonstrated the presence of functional ecto-ATPase activity and the expression of ecto-NTPDases within the dental pulp odontoblast layer (Liu, Yu, et al. 2012; Liu et al. 2015; Ma et al. 2016) . Since NTPDases had been detected in neuronal progenitors in the neurogenesis subventricular zone of postnatal brain, we thus tested if ecto-NTPDases are also expressed in hDPSCs. As shown in Figure 5A and B, NTPDase3 but not NTPDase2 was detected in hDPSCs. We further tested if there exists functional ectoATPase activity in hDPSCs. As expected, ecto-ATPase activity was detected in cultured hDPSCs (Appendix Fig. 2 ). We then tested if ecto-NTPDases affect purinergic signaling in hDPSCs by controlling the degradation of extracellular ATP. We found that application of NTPDase inhibitor (ARL 67156 trisodium salt hydrate, 100 μM) enhanced ATP-induced inward currents in hDPSCs (Fig. 5C1, C2) . Specifically, the enhancement of the inward current was more prominent toward the end of ATP application, which is consistent with a reduction in ATP degradation. In addition, the enhancement of ATP-induced inward current coincided with slowly recovering current following the stop of ATP application. These results suggest the existence of functional ectonucleotidases in hDPSCs that affects purinergic signaling by control of extracellular ATP degradation.
Effects of Purinergic Signaling on hDPSC Survival and Proliferation
Purinergic signaling plays an essential role in stem cell survival, self-renewal, and differentiation (Kaebisch et al. 2015) . The cell growth curve of hDPSCs in culture is displayed in Appendix Figure 3A . To demonstrate how the cell-counting number of hDPSCs in culture represents cellular proliferation, we performed immunofluorescence staining for cellular proliferation marker Ki67. As illustrated in Appendix Figure 3B , almost all cultured hDPSCs were positive for Ki67 at days 3, 5, and 7; the percentages of Ki67-positive cells were 96.8%, 98.1%, and 93.7%, respectively (n = 5 in each group). To support the existence of autocrine/paracrine purinergic signaling in hDPSCs and demonstrate the role of purinergic signaling in cell survival and proliferation, we further tested the effects of blocking purinergic signaling on the cell-counting number of hDPSCs. As shown in Figure 5C , as compared with the vehicle control group (DMSO), blocking P2X/P2Y receptors with suramin (100 μM) significantly reduced the number of hDPSCs at days 1, 2, and 3. In contrast, blocking P2X receptors alone with iso-PPADS (100 μM) did not significantly alter the number of hDPSCs at days 1 and 2 but reduced the number of hDPScs at day 3. These results suggest that purinergic P2Y signaling plays an essential trophic role for the survival and proliferation of hDPSCs, while P2X signaling may participate in the proliferation. To support that ecto-NTPDases participate in purinergic signaling in hDPSCs, we evaluated the effect of ectonucleotidase inhibitor ARL 67156 (100 μM) on the hDPSC number in culture. As shown in Figure 5C , when compared with the control, inhibition of extracellular ATP degradation significantly enhanced the number of hDPSCs at days 1, 2, and 3. Together, these results suggest that there exists autocrine/ paracrine purinergic signaling responsible for hDPSC survival and proliferation.
Discussion
By activation of purinergic receptors, extracellular ATP and its metabolites participate in a wide diversity of biological actions, such as neurotransmission, sensory transduction, secretion, and vasodilatation, as well as cellular proliferation, differentiation, and apoptosis (Burnstock 2013) . Purinergic receptors are divided into ligand-gated ionotropic P2X receptors and G protein-coupled metabotropic receptors (P2Y and P1 receptors). Interestingly, expression of P2X and P2Y receptors was detected in dental pulp odontoblasts (Lee et al. 2017) . In addition, various purinergic receptors were detected in cultured hDPSCs (Peng et al. 2016; Wang et al. 2016) . In this study, we demonstrated that ATP application activated P2X and P2Y receptors to induce an inward cation current in hDPSCs. It is well established that P2X receptor activation results in opening of nonselective cation channels, consistent with our observation that the reversal potential of ATP-induced currents in hDPSCs is equal to the equilibrium potential of Na + , K + , and Ca 2+ under our recording conditions. Interestingly, we also found that ATPinduced inward currents in a portion of hDPSCs are affected by activation of metabotropic P2Y receptors, which could be related to the changes of intracellular Ca 2+ signaling. Intracellular Ca 2+ -dependent potassium or calcium channels had been observed in a variety of cells (Sugasawa et al. 1996) . Specifically, P2Y receptor activation triggering an increase in intracellular Ca 2+ had been demonstrated in hDPSCs (Peng et al. 2016) . However, the underlying mechanism by which P2Y receptor activation promotes ATP-induced currents in hDPSCs will require further investigation.
Purinergic signaling plays an essential role in stem cell migration, proliferation, and differentiation (Burnstock and Ulrich 2011; Glaser et al. 2012) . For example, P2Y1 receptor activation promotes proliferation of neuronal stem cells in the postnatal subventricular zone and thus is important for the maintenance of neuronal stem cells in the adult brain (Tsumura et al. 2012) . It had been shown that adenine nucleotides through the P2Y1 receptor stimulated retinal progenitor cell proliferation by modulating expression of p57KIP2, a cell cycle regulator (de Almeida-Pereira et al. 2017 ). Interestingly, it was shown that ATP concentration dependently stimulates hDPSC migration, enhances hDPSC proliferation at a lower concentration, and promotes hDPSC differentiation at high concentration (Peng et al. 2016; Wang et al. 2016) . In this study, we demonstrated that there exists autocrine/paracrine purinergic signaling in cultured hDPSCs. P2X and P2Y receptors are expre ssed on hDPSCs, and purinergic receptor activation is required for the survival and proliferation of hDPSCs. Specifically, we found that blocking P2X receptors alone had no or little effect on hDPSC survival and proliferation, while blocking P2Y and P2X receptors significantly reduced the survival and proliferation of hDPSCs. Regarding the potential differentiation of hDPSCs to odontoblasts as well as neurons (Ellis et al. 2014) , elucidating the underlying molecular mechanisms responsible for hDPSC survival, proliferation, and differentiation could lead to significant progress toward the application of hDPSCs in dental hard or pulpal tissue repair and regeneration and in neurologic degenerative disorders.
The magnitude and duration of purinergic signaling are influenced by ectonucleotidases that promote ATP degradation to ADP, AMP, or adenosine and thus shift the purinergic signaling from P2X receptor activation to P2Y and/or P1 receptor activation (Liu et al. 2017) . Extracellular nucleotide hydrolysis mediated by ectonucleotidases that affect cellular signaling cascades is essential for the development and maintenance of mesenchymal stem cells (Iser et al. 2014) . Recently, purinergic receptors and nucleotide-processing ectoenzymes Effects of purinergic signaling on the survival and proliferation of hDPSCs. DMSO exhibited deteriorating effects on survival and proliferation of hDPSCs. As compared with the control group, the cell number was significantly reduced at days 1, 2, and 3 in DMSO vehicle control group. Interestingly, inhibition of ectonucleotidase activity with 100mM ARL 67156 significantly increased the number of hDPSCs in culture from day 1 to day 3, which suggest trophic effects of ATP signaling on hDPSC survival and proliferation. As compared with the DMSO group (vehicle control), blocking P2X receptors with 100μM iso-PPADS had little effect on hDPSCs at days 1 and 2; an inhibition effect on hDPSCs was observed at day 3. Blocking P2X/P2Y receptors with suramin (100 μM) significantly reduced the number of hDPSCs in culture at days 1, 2, and 3 (cell proliferation). The data are presented as mean ± SD, n = 7 in each group (analysis of variance); least significant difference post hoc tests were performed at day 1, 2, or 3; and P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, vs. control.
## P < 0.01, vs. DMSO. $$ P < 0.01, vs. iso-PPADS. hDPSC, human dental pulp stem cell.
were found to regulate stem cell fate differentiation. For example, intravitreal injection of E-NTPDase inhibitor increased the proliferation of retinal progenitor cells in vivo (de Almeida-Pereira et al. 2017 ). In addition, it was shown that NTPDase2 is expressed in neural stem/progenitor cells and that NTPDase2/purinergic signaling controls progenitor cell proliferation in neurogenic niches of the postnatal brain (Shukla et al. 2005; Langer et al. 2007; Gampe, Haverkamp, et al. 2015) . Interestingly, in this study, we demonstrated that NTPDase3 and neural stem cell/progenitor marker Tuj-1 are expressed in hDPSCs. Our previous work had shown the presence of NTPDses2/3 immunostaining signals and ecto-ATPase activity within the odontoblast layer of human dental pulp (Liu, Yu, et al. 2012 ). Since we have demonstrated that NTPDase2 is expressed in Schwann's cells and satellite cells while NTPDase3 is expressed in trigeminal ganglion nociceptive neurons in the trigeminal nervous system (Ma et al. 2016; Liu et al. 2017) , the detected NTPDase2 signal in the dental pulp odontoblast layer is likely from the Schwann's cells that encapsulate the nerve fibers projecting into the odontoblast layer. These results suggest that ectonucleotidases may affect the fate of hDPSCs by regulating the strength and durations of intercellular purinergic signaling within dental pulp. Indeed, we showed that inhibition of ectonucleotidases enhanced ATPinduced inward currents in hDPSCs. Moreover, consistent with the notion that ectonucleotidases modulate hDPSC survival/ proliferation in dental pulp, we found that hDPSC counting number in culture was increased by ectonucleotidase inhibition. Thus, manipulation of ectonucleotidase activity within the dental pulp may provide an alternative mean of promoting cell-based stem cell therapies in dentistry.
Purinergic signaling is well preserved across a range of cell types, including stem cells, which play an essential role in cellular migration, proliferation, and differentiation. Demonstrating the existence of autocrine/paracrine purinergic signaling in hDPSCs and its role in hDPSC survival/proliferation would provide insight to accelerate stem cell therapy in tooth tissue repair and regeneration and in treatment of neurologic disorders.
